 A glider-mounted oxygen sensor shows the oxygen inventory varies across the San Pedro Channel and is not reflected in surface concentration.
Introduction
Organic carbon export from the surface ocean, a critical process in the removal of carbon dioxide from the atmosphere [Sarmiento and Siegenthaler, 1992] , is difficult to measure because it occurs through many pathways, such as gravitational sinking of marine particles [Martin et al., 1987] , downward mixing of dissolved organic carbon [Hansell et al., 2009] , subduction of water with high particulate or dissolved carbon concentration [Omand et al., 2015] , or active transport by zooplankton [Steinberg et al., 2000] . Net community production (NCP) is defined as the balance between autotrophic and heterotrophic metabolism and is equivalent to carbon export at steady state if integrated over sufficiently long time and space scales [Emerson, 1987; Brix et al., 2006] . Thus, NCP has become an analog estimate of carbon export. While there are multiple approaches to estimate NCP (mass balances of nutrients or dissolved inorganic carbon (DIC), vertical flux of particulate organic carbon, biogeochemical general circulation models (GCMs), satellite measurements of ocean color, etc. [Emerson, 2014] ), it is often estimated in situ using oxygen budgets in the surface ocean, whereby the 1-dimensional mass balance for dissolved oxygen concentration ([O 2 ]) in the surface mixed layer is defined as [Emerson et al., 1991] ), k is the rate of gas exchange (piston velocity; in m d -1 ), BI is the bubble injection flux, [O 2 ] eq is concentration of O 2 in equilibrium with the atmosphere at a given temperature, salinity and atmospheric pressure, and T O2 is the net influx of O 2 due to vertical transport from below (i.e. entrainment, advection/upwelling, eddy diffusive mixing). NOP can be subsequently converted to NCP (in mmol C m -2 d -1 ) using stoichiometric relationships between O and C in metabolic processes (factor of 1.1 to 1.4, depending on the proportion of NH 4 + and NO 3 -as the nitrogen source; [Laws, 1991] ). Eq. 1 can be evaluated in multiple ways. Perhaps the most common, is to assume the water column is in steady state and neglect transport (T O2 ) effects when the environment is tranquil enough that these terms are likely small contributors to the budget. Bubble injection (BI) is caused by the dissolution of bubbles from hydrostatic pressure as they are transported by wave activity beneath the air-sea interface . Temperature-driven changes in oxygen saturation and those caused by bubble injection can be removed via simultaneous measurements of O 2 and Ar because: 1) they have similar solubility temperature dependences and molecular diffusion coefficients, and 2) Argon is biologically inert [Craig and Hayward, 1987; Spitzer and Jenkins, 1989] . Eq. 2a, written in terms of O 2 /Ar (ratio of dissolved O 2 /Ar to the ratio in air, minus one) in place of [O 2 ], then evaluates the contribution of NCP to oxygen saturation (NOP) as equivalent to the air-sea flux of biologically-produced oxygen, assuming steady state (subscript StS), negligible T O2 , and that Ar is in equilibrium with the atmosphere:
= [ 2 ] * ∆( 2 ⁄ ) (2a) where:
∆( 2 ⁄ ) = 
In surface ocean environments where the physical and biological fluxes of O 2 are of similar magnitude, concomitant information on the physical dynamics is required to determine the biological component of the signal [Hamme and Emerson, 2006; Teeter et al., 2018] . Another approach, employed by Haskell et al. [2016a; in a complementary study to this one, constrained the vertical flux term of oxygen and argon from below by advection and mixing using profiles of O 2 /Ar and local hydrography, as well as non-steady state (NSS) change through time, which can cause significant biases to an estimated biological O 2 production signal [Haskell and Fleming, 2018] . While this approach did not assume steady state, it is still subject to the assumption that the change in oxygen through time is only affected by 1-D (vertical) processes.
Because the spatiotemporal scale covered by a water mass over the ventilation time of oxygen can be as large as 100's of km 2 and as long as weeks, recent work has shown that NCP can disagree with export estimates over both small (≤ 10 km; [Alkire et al., 2012; Estapa et al., 2015] ) and large (> 10 km; [Jönsson et al., 2013] ) regions alike, perhaps due to the patchy nature of export processes [Buesseler et al., 2007; Stukel et al., 2017] . However, it is actively debated whether this disagreement is due to biases inherent to each approach [Haskell and Fleming, 2018] or actual differences between NCP and export due to the decoupling of the processes that influence the magnitude of each quantity [Estapa et al., 2015] . Regardless of the cause for disagreement, higher resolution measurements of either NCP or export are useful in quantifying the spatiotemporal variability in these processes.
In this study, we explore whether accurate estimates of NOP can be made in a dynamic, productive coastal zone using high-resolution measurements of oxygen concentration made by an autonomous glider and an empirical relationship between oxygen supersaturation and O 2 /Ar derived from the data presented by Haskell et al. [2016a] . Other than the samples used to derive this relationship, this approach does not require sophisticated dissolved gas measurements in a laboratory, allowing us to make high-resolution NOP estimates entirely from remote and autonomous assets. Coordination between two teams of researchers, one team primarily responsible for ship-based and underway time-series sampling (Haskell, Prokopenko, Hammond) and another team primarily responsible for deployments of an autonomous Slocum glider (Teel, Seegers, Ragan, Rollins, Jones) , has led to quasi-continuous estimates of NOP in the euphotic zone from March to July 2013 and 2014, as well as seasonal non-steady state (NSS) NOP beneath the mixed layer, at a coastal time-series station in the Southern California Bight (SCB), the San Pedro Ocean Time-series (SPOT; 3333'N, 11824'W; Fig. 1 ). This project was part of a larger effort to quantify the biological response to upwelling in the SCB, the Upwelling Regime In-situ Ecosystem Efficiency (Up.R.I.S.E.E.) study [Haskell et al., 2016a; .
Materials and Methods

CTD rosette oxygen sensor calibration
Time-series process cruises aboard the R/V Yellowfin (Southern California Marine Institute) provided profiles of chemical, biological and hydrographic parameters to 400 m at the SPOT hydrostation, and underway surface oxygen concentration during transit between the Port of L.A. and SPOT, approximately every two weeks during the spring upwelling seasons (March -June) in 2013 and 2014. Oxygen concentration was measured with a Seabird oxygen sensor Model SBE43 mounted on a CTD rosette at approximately the same time of day for each cruise (~1-2 pm). A duplicate sensor on the CTD package was used to ensure there was zero signal drift throughout the study. The sensor was calibrated using Winkler titrations [Carpenter, 1965] on samples collected in duplicate on each cruise via Niskin bottles at 6-9 depths, with an average replicate precision of 0.5 mol kg -1 in all samples and 0.8 mol kg -1 in surface samples. Winkler titrations were made the day after each cruise with equipment and procedures outlined by Langdon [2010] . Oxygen solubility was calculated using the equations of Garcia and Gordon [1992] . The calibration curve for the sensor is given in Supplementary Material Fig. S1a.
Slocum glider CTD correction and oxygen optode calibration
A Teledyne-Webb G1 Slocum electric glider was deployed from March to July in 2013 and 2014 and programmed to fly a repeated ~ 30 km section across the San Pedro Channel between Santa Catalina Island and the Palos Verdes Peninsula (Fig. 1) , set to complete a single cross-channel pass every 1.5 -2 days (average speed ~ 1 km hr -1 ). In practice, channel crossing often took longer due to current-driven drift from the idealized transect, particularly during the 2013 deployment. The glider sampled by profiling between the surface and 98 meters while outside of the major shipping lanes, and from 20 to 98 meters beneath shipping lanes, completing a dive/climb cycle approximately every 20 minutes. The glider was recovered every 3-4 weeks to replace the batteries, clean the sensors of any biofouling and recalibrate the optical sensors using standard techniques [Cetinić et al., 2009] . Chlorophyll a fluorescence (excitation 465 nm/emission 695 nm) was measured by a WetLabs EcoPuck FL3 fluorometer. Temperature, salinity, and pressure were measured with a SeaBird flow-through CTD. After recovery, glider CTD and optical sensor data were processed, calibrated and quality controlled using methods outlined by Cetinić et al. [2009] and Seegers et al. [2015] . The total dataset of onboard sensors were aligned in time and subsampled to one sampling frequency. The data was then binned by depth into 1-meter bins and separated into individual down and up profiles. A quality control procedure was followed to remove short (< 10m) dives, including periods of, 'bobbing,' at the surface during GPS fixes, and mismatched up and down profiles. Only down casts (descents) were used in the calculations presented here. Lag between the flow-through CTD temperature and salinity data was then corrected using the approach described by Garau et al. [2011] prior to making any further calculations. Temperature, salinity and chlorophyll fluorescence data are discussed in detail by Teel et al. [2018] , characterizing water mass properties near SPOT.
Oxygen concentration was measured from the glider using an Aanderaa optode (Model 5013w; 3835 series with 300m depth rating) by making a series of corrections from raw optode data. The calculation steps were as follows: 1) Back-calculating the optode Dphase, or delay time between excitation and fluorescence of a luminescent material within the instrument that is proportional to oxygen concentration in the surrounding seawater (see Aanderaa manual for details), by finding the roots of the temperature-dependent polynomial used to calculate concentration from Dphase with the coefficients provided in the Aanderaa manual. Typically, we would use the temperature recorded by the optode thermistor, which is used by the instrument to calculate oxygen concentration. Unfortunately, the glider did not record this data, so we assumed that the temperatures recorded by the CTD and optode thermistor were identical. 2) Correcting for measurement 'smear' due to a lag in response time of the optode relative to the temperature sensor, following the procedure outlined in Nicholson et al. [2008] . The mean lag time was determined to be 35 seconds by comparing the shape of paired up and down (ascent and descent) profiles. 3) Re-calculating oxygen concentration from Dphase using the factory polynomial provided in the optode manual and the temperature recorded by the CTD package. 4) Correcting for salinity changes, as the optode is factory-calibrated to a salinity of 0. 5) Finally, Winkler titrations were performed on water collected at SPOT periodically throughout the study while the glider repeatedly profiled within 0.5 km of the ship to independently calibrate the optode-measured concentrations [Langdon, 2010] . The calibration curve for the optode in each deployment year is given in Supplementary Material Fig. S1b . The mean residual from these plots is used to estimate the uncertainty in the calibration to be ~2% saturation, which is perhaps due to spatiotemporal separation between the glider and ship during CTD casts. Although this is a significant uncertainty in calibration, other contributors were more significant in the overall uncertainty in NOP (discussed below). There was no sign of drift in the optode measurements when compared to Winkler titrations throughout each deployment, but this was not unexpected since drift in optode measurements have been estimated to be ~0.5% saturation per year [Bushinsky and Emerson, 2013] , which is < 2% of the mean oxygen signal in this dataset.
Shipboard oxygen optode calibration
Underway oxygen concentration and temperature were measured with an Aanderaa optode (Model 4835) submerged in a 2 L overflowing reservoir supplied by the shipboard seawater intake located approximately 2 meters below the sea surface. The optode made measurements of oxygen concentration and temperature every 30 seconds continuously during each cruise, including during transit between L.A. harbor and SPOT. These measurements coupled with GPS time points recorded by the ship's GPS during each cruise were used to calculate the oxygen saturation state relative to oxygen solubility at the given temperature and salinity along the cruise track using the equations of Garcia and Gordon [1992] . Sea surface salinity was estimated using the JPL ROMS output [NASA, 2013] , as there was no underway CTD. The optode was calibrated using Winkler titrations [Carpenter, 1965] , collected in duplicate at 3 time points every cruise during the optode collection. Winkler titrations were made the day after each cruise for the one-day cruises and two days following each two-day cruise, with equipment and procedures outlined by Langdon [2010] . The calibration curves for the optode in each deployment year are shown in Supplementary  Material Fig. S1c . The mean residual from these plots is used to estimate an uncertainty of ~0.7% saturation in this calibration.
Piston velocity, eddy diffusivity and upwelling velocity estimates
Piston velocity (k, m d -1 ) was calculated throughout the study from wind speed using a quadratic parameterization [Nightingale et al., 2000] based on daily averaged 0.25°x0.25° wind speed measurements around SPOT 10 m above the sea surface by satellite advanced scatterometer (ASCAT [NASA, 2014] ) and sea surface temperature measured at NOAA buoy #46222 (°C [NOAA, 2014] ). The piston velocities were calculated daily using 15-day weighted means of the contribution of each daily mean to the ventilation of the surface mixed layer on the day of sampling by considering both the time interval between each day and the sampling date, as well as the magnitude of the wind speed [Reuer et al., 2007] . Uncertainty in these estimates has been shown to be ~ 15% [Stanley et al., 2010; Ho et al., 2006] .
Vertical eddy diffusivity (K z ; m 2 d -1 ) was estimated at the base of the mixed layer and euphotic zone as the rate of turbulent kinetic energy dissipation due to horizontal shear at these depths, as described in Haskell et al., [2016b] . We used the same weighting procedure for eddy diffusivity as used to calculate piston velocity: we calculated eddy diffusivity corresponding to each daily mean wind speed, then used the weighting procedure of Reuer et al., [2007] to calculate a 15-day weighted eddy diffusivity for every day. Uncertainty for these estimates was calculated by error propagation and reported to be ± 34%.
To estimate the rate of vertical advection, we used the monthly Bakun Upwelling Index [Bakun, 1973] , provided by the Pacific Fisheries Environmental Laboratory (PFEL). Monthly indices reflect the offshore Ekman transport of surface waters due to the atmospheric pressure gradient within a 3° x 3° region centered on 33°N, 119°W (~80km SW from SPOT) using monthly averages of six-hourly 1° pressures. Assuming that water transported offshore is replaced by upwelled water nearer to the coast, the volume transported offshore equals the volume upwelled to replace it and is reported in units of m 3 s -1 100m coastline -1 . Since 33°N, 119°W is ~1° (~100km) from the coast, we assume that this index calculates a mean vertical velocity (m 2 s -1 ) per 10 7 m 2 of sea surface, but is likely representative of a larger area (thousands of km 2 ) given that the wind speeds are calculated over a 3° x 3° region. We also compare these estimates to those estimated during a complementary study at the same location using a 7 Be-based approach described in Haskell et al., [2015; 2016a] , which represent a mean upwelling rate over ~bi-weekly timescales in a likely smaller (50-100 km 2 ; Haskell and Fleming, 2018) inshore region of the inner Southern California Bight. Haskell et al. [2016a] demonstrated that although the magnitude of upwelling velocity calculated using the 7 Be-based approach is similar to that calculated using the monthly Bakun Index, the seasonal trends in the Bakun Index-derived rates are out of phase by approximately 1 month to the 7 Be-derived rates measured at SPOT, perhaps due to earlier initiation and termination of upwelling in the inner Bight versus further offshore. To match the timing and sampling window of the 7 Be-based velocities, we shifted the Bakunderived velocities 1 month earlier and created a 2-week estimate by assigning the middle 2 weeks of each month the calculated velocity, then averaging adjacent monthly estimates for the 2-week period between them. Uncertainty for upwelling velocities was reported to be ± 50%.
1-D NOP box model
To estimate NOP in the euphotic zone using glider data near the SPOT time series station, we used a non-steady state 1-dimensional box model consisting of two boxes, one for the surface mixed layer and one for the deep euphotic zone, defined as the region between the mixed layer depth and the euphotic depth. We defined the mixed layer depth as the depth at which density reached a threshold of 0.1 kg m 3 greater than the mean of the upper 8 m and the euphotic zone as 10m below the chlorophyll a maximum, which was shown by Haskell et al. [2016a] to reliably estimate the euphotic depth measured by photosynthetically active radiation (PAR). The fluorometer reported erroneous chlorophyll a starting in late April 2013, so from April 15, 2013 to the end of the 2013 deployment, we instead defined the euphotic depth as 10 m below the depth of 0% oxygen supersaturation, which typically matched the chlorophyll a max reasonably well (Fig. S2) . By including terms for upwelling and eddy diffusive fluxes, then rearranging Eq. 1 into Eq. 3a and 3b, we calculated NOP for the mixed layer (Eq. 3a) and deep euphotic zone (Eq. 3b) regions, then reported total NOP as the sum of NOP in the two boxes (NOP ML + NOP DEZ ): MLD is the mean oxygen gradient in the 5m beneath the mixed layer depth and (O 2 /z) EZ is the mean oxygen gradient in the 5m beneath the euphotic depth. H DEZ is the distance between the mixed layer depth and the euphotic depth, defining the size of the deep euphotic zone box. Note that the major difference between the two budgets is that the deep euphotic zone box does not have a gas exchange term, does include diffusive fluxes across both the top and bottom boundaries, and does not correct for any deviation of oxygen from saturation due to bubble injection. Since we only have a relation for oxygen supersaturation and O 2 /Ar in the mixed layer box, we make the assumption that any effect that bubble injection has on oxygen saturation in the deep euphotic zone box is negligible. Using Eq. 3, we calculated NOP for every glider profile near SPOT using the closest daily piston velocity and eddy diffusivity estimates, and bi-weekly upwelling estimates. Then, we used a 3-day running mean to calculate NOP rates presented later in Fig.  10 . We chose to use a 3-day window to reduce any spatial variability, as this is the approximate transit time of the glider across the channel. Using a 1-day window, we find similar variance (Fig. S3) , indicating that spatial variance is likely small and that the primary sources of variance are likely from influences over multi-day periods.
The use of a 1D model neglects any lateral mixing or advection of oxygen into or out of our study region. We defend the assumption that vertical processes are dominant by noting that on average, although the vertical velocities (2 m d -1 ) are 3 orders of magnitude smaller than horizontal velocities in the region (2000 m d -1 ), the vertical gradient in oxygen (4 mmol m -4 ) is over 4 orders of magnitude larger than the horizontal gradient (1.5x10 -4 mmol m -4 ).
Uncertainty in NOP was determined by a Monte Carlo approach, which calculates daily NOP with 10,000 simulations of randomly selected values for oxygen concentration, upwelling velocity, piston velocity, and eddy diffusivity within the uncertainty estimates listed above. Our NOP calculation was also sensitive to the choice in euphotic depth since the mean oxygen gradient ± 5 m from the mean euphotic depth was ~3.8 mmol m -4 (Section 3.5). Therefore, we varied this value by ± 5 m in our uncertainty analysis, as well. The total uncertainty of NOP was then calculated as one standard deviation from the best estimate in the distribution of results for all simulations, and found to be on average ± 37% for all NOP values (35% in 2013 and 39% in 2014).
Results and Discussion
Spatial distribution of near-surface oxygen
Oxygen supersaturation in the surface layer across the San Pedro Channel measured in the underway system of the transiting process ship (~2 m depth; Figs. 2 and S4) demonstrates the variability in the larger-scale (5-10 km) gradients in surface oxygen concentration, which should reflect the sum of the biological production of oxygen, transport of O 2 -undersaturated water from the subsurface and oxygen introduced to the water column through gas exchange or bubble injection (Eq. 1). However, the near-surface oxygen signal must be interpreted with caution because it may not accurately reflect the depth-integrated oxygen inventory due to the timing of ship transit and a lack of vertical resolution.
The daily mean surface oxygen supersaturation was always positive and appeared to be fairly uniform each cruise within the channel (away from the island and inner shelf), both during transects and through time each day (the occupation of SPOT typically lasted ~5 hours each cruise; variability was generally < 2% while on station). The largest spatial gradients occur over the inner shelf slope, where oxygen supersaturation is generally slightly higher near the coastline than in the channel, with the only exceptions being the outbound transect during Up-16 and 17. Up-16 and 17 show a very strong diurnal signal with undersaturated waters over the shelf in the morning and supersaturated waters in the afternoon when returning to port (Fig. S3B) . Up-18 and 19 are also near to the saturation concentration of oxygen over the shelf and continue to decrease into L.A. harbor, suggesting that net outflow from the harbor may have transported undersaturated waters out over the shelf.
Other possible contributors to the horizontal gradients observed are the timing of the ship transects and the vertical structure of the oxygen profile. The time of day that the ship transects occurred did not vary much throughout the study. The ship travelled to SPOT for ~1 hr every morning at ~8:30am, and returned to L.A. harbor in the afternoon at ~2:30pm. Diurnal variability in oxygen concentration can be caused by heating and cooling, tidal flow, wind-driven wave activity and biological sources and sinks. Any of these factors could affect the outgoing and incoming transects differently, and thus are difficult to differentiate from one another.
The vertical oxygen distribution, and thus water column oxygen inventory, may also be significantly different between the inner shelf and the channel and may not be well represented by the near-surface concentration. For example, the near-surface may be significantly affected by air-sea exchange, whereas vertical processes such as upwelling may only affect the subsurface. Upwelling significantly influences the oxygen inventory and upwelling events likely occurred periodically throughout the study [Haskell et al., 2016a] , as is typical in the Southern California Bight in spring [Bakun and Nelson, 1991; DiLorenzo, 2003 ], but its effect on the horizontal gradient in near-surface oxygen supersaturation in the region over short timescales depends on the lateral variability of localized upwelling events and surface water re-circulation within the inner SCB, which are often influenced by coastal topography like the Palos Verdes peninsula [Hickey et al., 2003; Narimosa and Maxworthy, 1987] . Haskell et al. [2015] presented evidence that there was little horizontal variability in the volume of upwelled waters from the coast to the channel during this study, suggesting that upwelling is likely wind stress curl-driven [Chelton, 1982] and not focused near the inner shelf over months-long timescales, but there is likely a spatial gradient in upwelling events over shorter timescales. In addition, while upwelled waters are high in nutrients that fuel biological production, increasing oxygen supersaturation, they are also O 2 -undersaturated, imparting a low O 2 signal onto the surface waters. Therefore, the horizontal gradient in upwelling may not have an obvious systematic effect on the dissolved oxygen signal.
Nevertheless, intermittent upwelling events of low oxygen/high nutrient water likely affected the oxygen profile during some cruises, and may either predominantly occur in the near shore region or have a larger effect on a shallower oxygen inventory near shore, altering the horizontal gradient in the oxygen inventory. Satellite SST of the region indicates that upwelling likely occurred during Up-16 and Up-17 (Fig. S5) , perhaps responsible for both oxygen undersaturated surface waters in the morning and supersaturated waters in the afternoon. For the remainder of the manuscript, we present observations from a buoyancydriven glider, which allows us to eliminate the time-of-day and shallow water sampling biases by resolving the vertical oxygen distribution and sampling continuously throughout the 24-hour cycle.
Glider-measured oxygen inventory
The first glider deployment lasted from March 13, 2013 to June 26, 2013 and produced 4891 total usable profiles of dissolved oxygen in the upper ~91 meters of the water column. 2436 of these profiles were designated as representing the region 'near SPOT,' by the definition of being outside of the shipping lanes between 33.5°N and 33.6°N. The 329 profiles inshore of the shipping lanes (between 33.67°N and 33.7°N) are in shallower water over the inner shelf and will be referred to as, 'inshore.' The 2014 glider deployment lasted from March 21, 2014 to July 1, 2014 and produced 7411 total usable profiles of dissolved oxygen in the upper ~98 meters in San Pedro Basin, 2767 profiles near SPOT and 359 profiles in the inshore region. The remaining profiles in each deployment were measured beneath or between the shipping lanes and thus generally did not sample the upper 20 meters of the water column. These profiles were neglected when making calculations near SPOT or inshore. Fig. 3 is a timeseries plot of the oxygen inventory in the upper 50 m of the water column throughout the entirety of each glider deployment (depth-integrated concentration). The colors represent the latitude of the midpoint of each profile, or the relative distance between the mainland and Santa Catalina Island, with cool colors being on the south end of the transect near the island and warm colors being inshore, near the Palos Verdes peninsula. The black line (± 1 standard deviation in dashed lines) is a running 3-day mean of the inventories near SPOT, as defined in the previous paragraph, whereas the red line is the same for profiles in the inshore region. Although the absolute magnitude of the depth-integrated oxygen inventory may be of little value, the purpose of this illustration is to demonstrate the lateral gradient in upper ocean oxygen content along the glider path. The running mean of the inshore region was always smaller than the region near SPOT, except for a short period in mid-May 2013 when they were approximately equal. In both years, the range was larger and the median was smaller in the inshore region oxygen inventories for each transect, implying that the oxygen inventory is typically smaller in the inshore region, and the oxygen distribution is more heterogeneous inshore than near SPOT. It is also evident in each year that the difference between the inshore and near SPOT regions decreased toward the end of the deployment entering the summer months, indicating that perhaps seasonal stratification due to solar insolation, and a reduction in upwelling favorable winds, may lead to a smaller horizontal gradient in oxygen inventories in San Pedro Basin.
Unlike the less consistent observations found in near-surface oxygen concentration measured in the shipboard underway system, the horizontal gradient in the glider-measured oxygen inventory consistently increased moving offshore with the gradient being strongest near the beginning of each deployment in spring and the weakest toward the end of each deployment in early summer. This observation suggests that the vertical structure of the water column has a significant effect on the horizontal gradient observed in the upper 50 m oxygen inventories. Fig. 4 shows mean depth profiles binned every meter of temperature and chlorophyll a from the near SPOT and inshore regions, which highlight the variability in water column properties between the two locations (oxygen in Fig. S6 ). The blue dots are means over the entire deployment, whereas the orange points represent a 20-day time period in late March/early April and the yellow dots represent a 15-day period in late May/early June. The exact dates vary from year to year by ~1 and ~3 weeks, respectively. While taking 1-meter binned means smooths out short-lived features, it allows for a broad comparison of the mean mixed layer depth, chlorophyll maximum depth, and euphotic depth on each end of the cross-channel transect. From this calculation, it is clear that the surface boundary layer, thermocline and euphotic depth are all shallower closer to the coast on average, during the entirety of each deployment and the two shorter time periods considered. While the depth of the chlorophyll maximum is shallower inshore, especially in the May/June sections, the concentration of chlorophyll typically reaches higher values than near SPOT. However, the difference in chlorophyll concentration may be due to phytoplankton adaptions in response to variability in the light field and therefore not an indication of any variability in biomass or primary production. Thus, it is still unclear from this analysis whether there is any gradient in biological production between the two regions.
March/April vs. May/June sections and the hydrographic setting
In order to demonstrate the variability in the water column structure and oxygen budget that occurred throughout the deployment, we highlight two time periods with continuous data that were representative of the environment in the early and late stages of each deployment. The orange dots in Fig. 4 represent the earlier March/April section, whereas the yellow dots represent the later, May/June section. The mixed layer in March/April was, on average, deeper and cooler than it was in May/June and this trend was observed at both locations across the channel (Fig. 4A, B and 4C, D) . This observation is unsurprising given the low frequency seasonal warming and increased stratification that occurs in the Southern California Bight as a result of increased solar insolation during the transition from Spring into Summer [Hickey et al., 2003] . Chlorophyll concentration and inventory, an indicator of phytoplankton presence, was also generally higher in March/April than in May/June at both locations, which may be expected with higher rate of delivery of deep water nutrients into the euphotic zone from below [Eppley et al., 1979; Mantyla et al., 2008; Teel et al., 2018] .
Interestingly, the maximum in chlorophyll concentration in the inshore region resided near the base of the mixed layer during the early part of the deployment, but then as the mixed layer shoaled in response to seasonal warming, the chlorophyll max deepened to near the base of the upper thermocline (Fig. 4B, D) , perhaps driven by nutrient distribution. Near SPOT, the chlorophyll max is much broader, especially in 2014, and does not change depth by more than ~10m throughout the season, but a much larger portion of the chlorophyll inventory is within the deeper mixed layer in March/April, whereas the large majority of the inventory resides beneath the mixed layer, near the base of the upper thermocline, in May/June (Fig. 4B, D) as is typical of a system which becomes more stratified in summer.
The depth at which phytoplankton thrive and produce a maximum chlorophyll concentration is determined by a balance between transport of nutrients into the nutrient-limited euphotic zone and depth of sunlight penetration into the light-limited thermocline [Mahadevan and Archer, 2000] . Although there is little evidence that the euphotic depth deepened on average throughout the deployment (33m on April 4, 2014 and 40m on April 11, 2014; 33m on May 22, 2014 and 41m on June 19, 2014; 1% of Photosynthetically Active Radiation (PAR) at the surface, shown in Table 1 ), the temperature gradients in Fig. 4A , C suggest increased stratification from April to June at both locations in both years, which may have caused phytoplankton to aggregate closer to the euphotic depth, likely due to more limited vertical transport of nutrients across this boundary [Eppley et al., 1979; Sambrotto et al., 2008] . The bottom panel of Fig. 5 shows buoyancy frequency with depth, an indicator of stratification, measured by the glider through the same two time periods in March/April (Fig. 5A) and May/June (Fig. 5B) , 2014 (2013 data is not shown for simplicity, as the 2014 data is representative of the pattern observed in both years). Indeed, buoyancy frequency was stronger in the upper 50m in June across the entire transect, and strongest near the bottom of the mixed layer, consistent with the mean temperature gradients presented above.
Also shown in Fig. 5 are depth profiles of oxygen concentration and supersaturation through time as the glider crossed the channel during the same periods in March/April and May/June, as well as the depth of the 1026.0 kg m -3 isopycnal in white and the depth of 0% oxygen supersaturation in black. The white bars in the upper 20-30m in each panel are the regions in the shipping lanes that were not sampled by the glider and the short periods between the white bars are from the profiles made inshore of the shipping lanes. Fig. 6 presents one transect across the channel from each of the two time periods. Perhaps the most striking feature of these plots is the ~60m amplitude variation (~30m to ~90m) in the depth of the 1026.0 kg m -3 isopycnal with an ~3-day frequency (a full cycle of channel crossing) and a slight overall shallowing trend during the March/April section. In the May/June section, this signal in the depth of the 1026.0 kg m -3 isopycnal is much weaker and it only varies by ~20-30m around a fairly constant depth of ~70m. The shoaling and deepening of the 1026.0 kg m -3 isopycnal represent the channel crossing of the glider; it reflects the shallowing of isopycnals towards the inner shelf during this time of the year due to large-scale upwelling along the California coast (red arrow in Fig. 5A; Fig. 6 ). Each of the six large, "peaks," observed in Fig. 5A occurred over the inner shelf in the inshore portion of the transect (Fig.  6) , which is consistent with the shallower features in chlorophyll and temperature between inshore and SPOT during the March/April section (Fig. 4) . Since this strong variability in the depth of the 1026.0 kg m -3 isopycnal across the channel was not observed in May/June (with the exception of perhaps June 5-6, 2014), we suspect that near-shore coastal upwelling was not as strong or persistent in May/June as compared to March/April, which would also be consistent with the observation of stronger water column stratification in May/June.
There is also a mean upward movement of the 1026.0 kg m -3 isopycnal throughout the transect during March/April, of ~1-2 m d (Table 1) . The approach to estimate upwelling velocity reports a value that is representative of approximately two weeks prior to the sampling date [Haskell et al., 2015] . Table 1 reports values for the two closest sampling points measured during process cruises to the beginning and end of the time period sampled by the glider. However, the May 22, 2014 process cruise sampling was prior to the beginning of the June glider section presented here and thus, the upwelling velocity estimated for May 22, 2014 is not representative of the time period sampled by the glider, hence the italics in Table 1 . Despite the non-synchronous timing of the observations, the similarity in magnitudes suggests that upwelling seems to be relatively consistent throughout the upper 80-100 m of the water column.
Using a Power Spectral Density plot of the depth of the 1026.0 kg m -3 isopycnal from the entire 2014 deployment (low-pass filtered; Fig. S7A ), we were able to identify that the higher frequency variability seen in Fig. 5 was likely the semi-diurnal M2 internal tide, but we were unable to detect a diurnal tidal signal in the depth of the 26.0 kg m -3 isopycnal. However, when making the same calculation with oxygen, temperature and chlorophyll integrated to the euphotic depth, there was a clear signal at the diurnal frequency (Fig. S7,  panels B, C, and D) . While the diurnal signal in integrated temperature is the result of heating during the day and cooling at night, the signal in integrated oxygen is likely the result of primary production during the daylight hours. Diurnal variability in chlorophyll may also be a result of biological production, but we cannot rule out the effect of non-photochemical quenching, which may affect stimulated fluorescence during daylight hours [Roesler and Barnard, 2013] .
Temporal variability in mixed layer oxygen near SPOT and relationship to O 2 /Ar
Mean surface mixed layer oxygen concentration and solubility near SPOT decreased throughout each deployment as sea surface temperature increased from March to June (Fig.  7A, C) . Oxygen supersaturation reveals how much oxygen is above the saturation concentration due to a combination of bubble injection, physical transport and net biological processes (Fig. 7B, D) , removing the effect of temperature. Oxygen was always supersaturated in the mixed layer, with an average of 8.4% in Spring 2013 and 8.6% in Spring 2014 (red lines in Figs. 7B, D) , signifying that there was always a net flux of oxygen to the atmosphere near SPOT during this study, either from primary production or from the addition of oxygen through bubble injection, exceeding the drawdown by respiration and upwelling of low-oxygen water. In both years, oxygen supersaturation peaked in late March/early April, likely as a result of high biological production during an upwelling-driven spring 'bloom' event. A second period of elevated supersaturation occurred in June each year, but values did not reach as high as those during the March/April events. This observation suggests that despite the higher contribution of low-oxygen water via upwelling into the surface ocean in March/April, oxygen supersaturation was still larger than in June due to net oxygen production fueled by deep-water nutrients delivered by the same mechanism. Of course, this analysis neglects the portion of the euphotic zone that was beneath the mixed layer, which was previously determined to contribute significantly to primary and export production during this study [Haskell et al., 2016a; .
Discrete measurements of O 2 /Ar at the SPOT hydrostation can be used to establish the contribution of air injection to oxygen supersaturation, leaving only contributions by transport and biological production. Table 1 presents paired measurements of oxygen supersaturation using Winkler titrations (ML O2 SS) and O 2 /Ar (ML O 2 /Ar). The difference between the two is argon supersaturation (ML Ar SS; last column in Table 1) , which is equivalent to the contribution to saturation by bubble injection. Surface mixed layer supersaturation was typically within ~ 3% of the value determined using O 2 /Ar measurements, with the one exception of the cruise on June 30, 2013, when there was a 4% difference between the two. This observation is consistent with previous estimates of the effect of bubble injection on oxygen supersaturation [Broecker and Peng, 1982; Craig and Hayward, 1987; Emerson, 1987] . Fig. 8 illustrates that mixed layer oxygen supersaturation is significantly correlated to O 2 /Ar-based supersaturation, but uncorrelated to piston velocity across the sea surface or sea surface temperature. Therefore, gas exchange rate and temperature variability were not the dominant contributors to the saturation state of oxygen in the mixed layer, but instead, biological oxygen production was the main determinant of ML oxygen supersaturation, and this relationship followed a significant linear trend throughout the study. Since both of these measurements are equally subjected to in-situ effects of physical transport, such as upwelling of low-oxygen water, the relationship shown by the fit in Fig. 8C can then be used to remove the effect of bubble injection at the sea surface within the mixed layer near SPOT in the glider oxygen dataset. Once this relationship is applied to the mixed layer concentration, the resulting concentration can be used to calculate the rate of net biological oxygen production.
Interestingly, the slope of 0.76 in Fig. 8C indicates that ~1/4 of oxygen supersaturation can be attributed to bubble flux. In light of recent findings in the Northeast Pacific that suggest the Liang et al. [2013] formulation to estimate air-sea flux due to bubble processes may overestimate the contribution to air-sea flux from bubbles at high wind speeds [Emerson et al., 2019] , we estimate bubble fluxes (not shown) to be on average ~24% (27% in 2013 and 21% in 2014) of the magnitude of the gas exchange term in our model (Eq. 1; black lines in Fig. 9 ) using the Liang et al. [2013] approach. This suggests that their formulation may be appropriate for our study site where daily wind speeds rarely exceed 10 m s -1 .
NOP estimates from glider oxygen concentration
If we assume that vertical fluxes are dominant during this part of the year in this region, we can make high-resolution estimates of the net oxygen production rate in a 1-dimensional box model of the mixed layer and euphotic zone (Eq. 3) by using the relationship presented above to remove the bubble flux and temperature effects on oxygen saturation in the mixed layer. We estimate the oxygen fluxes due to various mechanisms. Piston velocity at the sea surface and vertical diffusive mixing are estimated using a wind speed-based approach (Fig. 9 , middle row) that calculates these rates daily, using a weighting procedure of the wind speed over the previous 15-days. The top panels in Fig. 9 present NOP calculated from our box model of glider-measured oxygen concentration through time and piston velocity with black lines for both 2013 (Fig. 9A) and 2014 (Fig. 9B) . NOP calculated using discrete samples of O 2 /Ar in a surface ocean budget during the process cruises is shown with black squares for comparison [Haskell et al., 2016a ; gray lines indicate uncertainty in the estimates]. It is critical to note that the discrete NOP estimates are not entirely independent from those calculated from the budget presented here, as they use the same data used to derive the relationship in Fig. 8C and the same estimates of physical fluxes in their calculation. It is clear that using only the gas exchange term results in a significant underestimate compared to those of Haskell et al. [2016a] . The green lines in the top panels show NOP calculated using both the air-sea exchange term and the vertical diffusive flux across the base of the mixed layer and euphotic depths (Eq. 3). This also results in values much lower than Haskell et al. [2016a] .
Vertical advection is typically the largest term in the oxygen budget in this region in Spring, therefore accurate estimates of upwelling velocity are critical to estimating NOP. In our box model, we used two independent estimates; one from a 7 Be-based approach (blue lines in the bottom panels of Fig. 9 ) that used samples taken on the process cruises and one using the wind speed-based monthly Bakun Upwelling Index at 33°N, 119°W (orange lines in Fig. 9 ; bottom panel). Both approaches estimate mean upwelling velocity over ~2 week timescales, shown as straight line segments in the bottom panels of Fig. 9 . Although the Bakun-based approach does not replicate the 7 Be-based upwelling velocity exactly, the 7 Bebased estimates require discrete samples and have an uncertainty of ~ ± 50%. The wind-speed based approach, also known to have 50% uncertainty, is generally equal within uncertainty to the 7 Be-based upwelling velocity, demonstrating that the wind-speed approach gives a reasonable estimate of upwelling velocity that can be calculated from remote measurements.
The blue and orange lines in the top panels of Fig. 9 include the upwelling terms using the 7 Be-based and Bakun Index-based velocities, respectively. Both upwelling estimates produce NOP rates within the uncertainty of the discrete NOP rates reported by Haskell et al. ([2016a] ; black squares) for all process cruises, with the exception of two: early April and late June, 2013 (although the 1-day running mean produces a much better estimate in April; Fig. S3 ). This disagreement is likely due to the sensitivity of the budget to the oxygen concentrations chosen for water upwelled across the base of the euphotic zone (discussed in Methods section), determined by the choice of euphotic depth, which may differ from those used in the discrete NOP budgets. Our primary method to estimate the euphotic depth is based on the chlorophyll a concentration profile. Coincidentally, the optical sensor failed in the second half of April 2013, so we instead used the depth of 0% oxygen supersaturation starting April 15, 2013 through the entirety of the 2013 deployment (Fig. S2) , which may have contributed to this discrepancy. The chlorophyll a concentration measurements throughout the 2014 deployment were unaffected by this issue.
The two high-resolution estimates appear to follow the same general temporal trends (blue and orange lines; Fig. 9 top panel), with the only exception being in late May/early June 2014. They also replicate the discrete NOP estimates well overall, suggesting that although the wind speed-based approach used to estimate upwelling velocity may have been a slight overestimate at times, its application in this study was largely successful. The high-resolution glider dataset also revealed temporal variability in NOP that was not captured in the discrete NOP estimates. In particular, during both years of the study, a relatively high NOP event occurred for about 1-2 weeks in late March/early April that were sampled during the process cruises, albeit not at their peak. These events coincided with periods of high air-sea gas flux and were followed by an approximately equal length period of lower NOP. Likely, these events, which were some of the highest productivity periods of the study, were driven by wind patterns that may not have had temporal or spatial scales sufficient to significantly influence patterns in regional coastal upwelling ( Fig. 9 ; bottom panel), but perhaps influenced smaller-scale productivity near SPOT through wind-stress curl. Furthermore, the lowerproductivity periods that followed were not sampled by the process cruises and perhaps indicate an overestimate in productivity over these few weeks in the discrete estimates. However, by and large, the results of this study suggest that the discrete NOP estimates captured the seasonal variability in NOP well.
As winter mixing subsided each year, mixed layer depths shoaled, biological production rates increased through the spring season, and oxygen accumulated beneath the mixed layer to create a subsurface oxygen maximum (SOM). Using Winkler-calibrated CTD oxygen concentration (SBE43), we estimated the seasonal NSS NOP component in the SOM independently from the glider dataset by least squares regression of oxygen concentration and excess oxygen (~Dec/Jan -June; Fig. S7 Fig. S7B ) in 2013, causing the SOM signal to be influenced by air-sea gas exchange.
In 2014, both oxygen concentration and excess oxygen approached approximately the same value, indicating that the change in oxygen concentration through time was biologically, not solubility, driven ( Fig. S7B ; [Schulenberger and Reid, 1981; Riser and Johnson, 2008] ). The NSS NOP estimates calculated by Haskell et al. [2016a] , using changes in the budgets of O 2 /Ar between the process cruises, had an overall mean of ~8 ± 4 mmol m -2 d -1 , with a split of ~1/3 in the ML and ~2/3 in the SOM beneath the mixed layer. If our estimate in the SOM is representative of the 24m region between the mean MLD and mean euphotic depth (46m), then the NSS NOP rate in that region is ~4.4 mmol m -2 d -1 . Assuming the ratio of ML to SOM NSS production is correct from Haskell et al. [2016a] , that would mean the total euphotic zone NSS NOP was equivalent to ~6.6 mmol m -2 d -1 , well within the uncertainty of the authors' estimate. However, in that same study, NSS NOP was only ~7% of the mean total NOP at SPOT (~116 mmol m -2 d -1 ), which is also in reasonable agreement with our estimates from high-resolution glider observations in 2014 using either the Bakun Index upwelling estimate (~124 mmol m -2 d -1 ) or the 7 Be-based estimate (~100 mmol m -2 d -1 ), suggesting that NSS NOP is nearly insignificant in the overall NOP budget in this productive coastal region.
Conclusions
Deployments of a buoyancy-driven glider revealed significant horizontal variability in the oxygen inventory across the San Pedro Channel, affected in part by upwelling of lowoxygen water, especially in late March/early April. Despite the navigation issues that result from deploying buoyancy-driven vehicles in the dynamic coastal ocean, the Slocum glider used in this study was unbiased by the timing of sampling within the diurnal cycle and captured the variability in the vertical water column structure. Although oxygen distribution may be smeared somewhat in this dynamic region, we were still able to divide the dataset spatially (near SPOT vs. inshore) and temporally (Mar/Apr vs. May/Jun) to analyze the variability in the oxygen signal in both time and space. Isopycnals were shallower inshore than in the channel, and this gradient was more pronounced toward the beginning of the deployments than toward the end, as a result of large-scale upwelling and seasonal upper water column stratification. The shoaling rate of isopycnals in the 80-100m depth range was similar to the upwelling velocity previously calculated for near-surface waters based on 7 Be mass balances and the Bakun Upwelling Index [Haskell et al., 2016a] , indicating that upwelling velocity through this depth range is not strongly attenuated.
As a result of the timing of the ship transects (morning and afternoon only) and the underway intake being at a single depth, near-surface oxygen concentration measured in the underway system of the transiting process ship was likely aliased by a time-of-day bias and unable to provide the vertical structure in oxygen concentration needed to represent the oxygen inventory well across the channel. This result implies that one must exercise caution when attempting to use near-surface observations to monitor variability in dissolved oxygen budgets in this region.
Using discrete measurements of both O 2 and Ar concentrations to calibrate a glidermounted oxygen sensor and develop a relationship between oxygen supersaturation and O 2 /Ar, we were able to reliably estimate NOP using oxygen concentration measured by an optode onboard a buoyancy-driven glider. In this dynamic region, this required characterizing physical transport, upwelling in particular, as it introduces water with low oxygen concentration into the surface ocean. Upwelling velocity was estimated by using the monthly Bakun Upwelling Index measured at 33°N, 119°W, as published 7 Be balances indicate it accurately reflects upwelling velocity at our study site. The high-resolution glider-based NOP rates agreed well with previously published rates calculated using discrete samples and suggest that the discrete NOP estimates captured the seasonal variability in NOP well. However, the glider data also revealed some temporal NOP variability at SPOT that discrete sampling was unable to capture, indicating that our approach provides a new, useful way to estimate NOP over broader time and space windows, with higher resolution, than traditional shipboard sampling may be able to provide.
Finally, the results of this study suggest that this approach could be applied in other productive regions with well-constrained vertical transport processes, or where vertical transport is small, given a robust relationship between total and biological oxygen supersaturation in the region of interest. With the degree of spatiotemporal coverage that buoyancy-driven gliders deliver at relatively low cost, the approach described in this study could be used in future studies as way to map the distribution of biological oxygen production over multiple scales and perhaps help to reduce spatiotemporal discrepancies in NCP and carbon export that have been observed in past studies [Estapa et al., 2015] . Haskell et al. [2016a; that coincided with glider deployments. Upwelling velocity was determined using a 7 Be budget in the surface ocean, vertical nitrate flux was calculated using nitrate concentration profiles and estimates of upwelling velocity and eddy diffusivity, carbon export was measured using sediment traps and a 234 Th budget, euphotic depth was calculated using a PAR sensor (1% of surface PAR) in 2014 and a definition of 10m below the Chlorophyll fluorescence maximum in 2013 (PAR unavailable), and Gross Oxygen Production (GOP) and Net Oxygen Production (NOP) were estimated using the 17 /O 2 :Ar method in a NSS box model of the euphotic zone (Ez). Mixed layer oxygen supersaturation (ML O2 SS; %) was calculated from Winkler titrations of oxygen concentration ((measured concentration / saturation concentration-1)*100), while mixed layer O 2 /Ar oxygen supersaturation (ML O 2 /Ar; %) was calculated using concurrent measurements of oxygen and argon via IRMS, removing the effects of bubble injection on oxygen saturation. Argon supersaturation (ML Ar SS; %) represents the contribution of bubble injection to oxygen saturation in the mixed layer, which is equivalent to the difference between the previous two columns. Uncertainty for all values in the last three columns is ± 0.2%. Italics indicate data that may not represent the same time period sampled by the glider, given the lifetime of the tracer in the water column. Gray bars indicate the two process cruises nearest to the two periods of glider data each deployment shown in Figs. 4 Figure 1 . Map of the study location, including the idealized glider track across the San Pedro Channel (thick black line), the locations of where the glider surfaced (cloud of small black dots; 98% were within ~5 km of the idealized transect (grey shaded area)), the shipping lanes (red shaded area) and the location of the San Pedro Ocean Time-series (SPOT; red dot). Bathymetric map acquired from the National Geophysical Data Center [NGDC, 2017] . Mixed layer oxygen supersaturation (%) at SPOT during each process cruise plotted against, A) sea-surface temperature, B) piston velocity at the sea surface calculated using a 15-day weighted mean, and C) mixed layer O 2 /Ar-based oxygen supersaturation. D) Mixed layer Ar supersaturation (%) plotted against piston velocity. All data shown is reported by Haskell et al. [2016a] .
